Developing Tools to Evaluate Spawning & Fertilization Dynamics of the Giant Sea Scallop — Phase II: Field Trials in Experimental Populations by Wahle, Richard A. & Jumars, Peter
The University of Maine
DigitalCommons@UMaine
University of Maine Office of Research and
Sponsored Programs: Grant Reports Special Collections
8-18-2014
Developing Tools to Evaluate Spawning &
Fertilization Dynamics of the Giant Sea Scallop —
Phase II: Field Trials in Experimental Populations
Richard A. Wahle
Principal Investigator; University of Maine, Orono, richard.wahle@maine.edu
Peter Jumars
Co-Principal Investigator; University of Maine, Orono, jumars@maine.edu
Follow this and additional works at: https://digitalcommons.library.umaine.edu/orsp_reports
Part of the Aquaculture and Fisheries Commons, and the Terrestrial and Aquatic Ecology
Commons
This Open-Access Report is brought to you for free and open access by DigitalCommons@UMaine. It has been accepted for inclusion in University of
Maine Office of Research and Sponsored Programs: Grant Reports by an authorized administrator of DigitalCommons@UMaine. For more
information, please contact um.library.technical.services@maine.edu.
Recommended Citation
Wahle, Richard A. and Jumars, Peter, "Developing Tools to Evaluate Spawning & Fertilization Dynamics of the Giant Sea Scallop —
Phase II: Field Trials in Experimental Populations" (2014). University of Maine Office of Research and Sponsored Programs: Grant
Reports. 36.
https://digitalcommons.library.umaine.edu/orsp_reports/36
Award Numbers: NA11NMF4540025
Final Report
Developing Tools to Evaluate Spawning & Fertilization Dynamics of the Giant Sea Scallop 
-  Phase II: Field trials in experimental populations
August 18, 2014
Investigators:
Richard Wahle and Pete Jum ars
University of Maine, School of Marine Sciences 
Darling Marine Center 
193 Clark's Cove Rd 
Walpole, Maine 04573
Reporting Period: 03/01/2011 - 02/28/2014
1
EXECUTIVE SUMMARY
This project developed methodologies to numerically model and directly assess spawning and 
fertilization success in wild ocean scallop (Placopecten magellanicus) populations. We had two 
objectives: (1) Develop a two-dimensional spatial model predicting the concentration of sperm 
and effective range of fertilization in a sperm plume down and cross current from a source 
population of spawning males at different population densities under varying flow; and (2) 
Develop a methodology to assess scallop fertilization rates in the field and in particular to assess 
the effect of varying population density on fertilization rates. The major results of the project are 
as follows:
1. Building on previous model development, we successfully developed MATLAB code 
for a numerical, steady-state model simulating the spawning and fertilization dynamics of an 
aggregation of scallops. We created model simulations of scallop populations restricted to a 30 x 
30 m area of seabed embedded in a larger spatial domain of 50 x 50 m. In keeping with planned 
field experiments, we simulated the potential fertilization rates in fields with 450 and 45 males 
(0.5 and 0.05 males m-2) spawning synchronously. Simulation were conducted under conditions 
of synchronous mass spawning and over a single time step representing the half-life of sperm, 
Model results predict nearly near uniform high fertilization rates (~80%) in the high density 
plots, but much lower and more patchy fertilization rates in the low density plots. Now that 
baseline code for this model has been developed, experimenting with variable flow, spatial 
distributions, spawning synchrony, and shear will be explored more extensively. Further model 
development is underway to move beyond steady state output, and incorporate time varying 
elements such as spawning rate and gamete longevity.
2. We developed and flume tested a Nitex mesh chamber for fertilization experiments in 
the field. The chamber can be deployed on the seabed or suspended in the water column. Flume 
tests of the chamber with sea urchin eggs indicated that fertilization rates were significantly 
lower inside chambers than in controls spread on open tiles. Chamber artifacts are an inevitable 
result of enclosing gametes and restricting flow. Nonetheless, the difference in fertilization rate 
between chamber and controls diminished with trial duration. We emphasize that experimental 
chambers may underestimate absolute fertilization rates, and they are most useful for 
comparative studies in which relative measures are of interest.
3. Fertilization chambers were used in the field in a dockside proof-of-concept 
experiment comparing fertilization rates near three density treatments of male scallops in 
suspended lantern nets. In 24 h field trials, fertilization rates within 1 m of nets containing 30 
males were ten times as high as those near nets containing only four or one male, and 
fertilization rates in the latter two treatments were equally low. These results suggested that 
density effects might be detectable in natural populations spanning 10-fold differences in 
density.
4. In the next field experiment we established experimental populations of 900 and 90 
scallops of both sexes (male density = 0.5 and 0.05 males m -2) in two isolated 30 x 30 m areas of 
seabed. These densities span the same range as in the model simulation, and are comparable to 
observed natural populations. Other scallops were removed from the neighborhood of the study 
plots. Fertilization chambers were deployed within the experimental populations and at a 50 m 
distance in a time series of 24 h trials over the course of the spawning season. Despite the 10- 
fold difference in density, we detected no significant density or distance effects on fertilization. 
We measured peak fertilization rates in both populations on the same date, and within a few days
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of when gonads began to spawn out, suggesting spawning may have been triggered on that date 
by a common environmental cue. However, the patchy spatial pattern of fertilization and the 
extended period of gonad mass loss suggest that scallops did not spawn in a mass synchronous 
spawning event. Because of the absence of a distance effect we cannot discount the possibility 
that these trials were confounded by ambient sperm from the remaining, surrounding population.
5. In the final field experiment we deployed chambers at six sites along a naturally 
occurring gradient in scallop density in the Damariscotta River, Maine. Over four deployments 
during the scallop spawning season we observed no strong association between population 
density and fertilization rates.
6. Taken together, our experiments are the first field assays of fertilization with scallops. 
They suggest that differences in fertilization rates may only be detectable across population 
density gradients in the event of mass, synchronous, spawning or across more dramatic 
differences in population density that we could only produce in dockside manipulations.
PURPOSE
Objectives
This project had two objectives that were modified somewhat to adapt to contingencies during 
the course of the study, as follows:
Objective 1 -Sperm advection-diffusion model: Develop a two-dimensional spatial model to 
predict the concentration o f sperm and effective range o f fertilization in a sperm plume at 
varying distances from a source population o f spawning males under scenarios o f synchronous 
and asynchronous spawning.
This objective was modified during the project to develop the model to predict the 
concentration of sperm and effective range of fertilization at varying distances from a source 
population under scenarios of varying spawner numbers and flow rates within a limited spatial 
domain equivalent to that of our field experiments of under objective 2.
Objective 2 — Fertilization assays in field populations: Conduct a time series o f fertilization 
assays over experimental populations o f scallops to (a) further develop the methodology to 
assess ambient sperm loads in scallop populations over the course o f the spawning season, (b) 
compare model predictions about spatial patterns o f sperm concentration and fertilization 
generated in Objective 1 to field observations on experimental populations, (c) determine the 
influence o f differences in the sperm plume arising from two experimental populations spanning 
a ten-fold difference in male density, and (d) conduct laboratory flume experiments to evaluate 
potential biases introduced by Nitex egg baskets to estimates o f absolute and relative rates o f 
fertilization.
We expanded on objectives 2a and c with additional field trials beyond what was 
proposed.
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APPROACH
All numerical simulations were coded in MATLAB. We start with a simple, two-dimensional, 
steady-state, advection-diffusion model of a gamete plume produced by an individual spawner 
(Denny 1988). This model has been used widely in other fertilization studies (e.g., Levitan et al. 
1992, Levitan and Young 1995, Claerboudt 1999, Metaxas et al. 2002). The model predicts the 
concentration (c) of particles at positions down and cross stream (x, y, respectively) from a sperm 
source (Equation 1):
Objective 1: Sperm Advection-Diffusion Model
given knowledge of spawning rate (Q), average flow velocity (ū), coefficients of particle 
diffusion in seawater (a), and friction velocity (u*), an indicator of shear stress on the seabed. It 
is a steady-state model representing the average sperm plume and does not simulate time- 
varying rates of flow, spawning, or spawning synchrony.
We scaled up the individual plume model to multi-individual populations to evaluate how 
fertilization efficiency changes in populations of different size using a modeling approach built 
upon that of Claereboudt (1999). As in Claereboudt’s simulation, we estimated sperm 
concentration and resultant fertilization ratios at steady state. We constrained the spatial domain 
of the model to a 50 x 50 m area with a mesh size of 0.1 x 0.1 m. Centered within this area, the 
model population was further limited to a 30 x 30 m area (900 m2) of seabed, as in our field 
experiment under Objective 2. The sperm plume emanating from the aggregation was modeled 
over the entire 50 x 50 m area.
On the basis of prior surveys of wild populations (e.g., Carey et al. 2013), we simulated two 
scallop populations with a ten-fold difference in density: 0.05 and 0.5 males m-2. In our model 
runs, scallops within the patch were dispersed randomly.
Although free-stream flow rates near our study sites have been measured as high as 0.5 m s-1, 
flow rates in the boundary layer within a few centimeters of the seabed where scallops reside are 
substantially lower. Based on average bottom shear stresses modeled over favorable scallop 
habitat (0.01 -  0.1 Pa) we estimate ū values within 0.05 m of the seabed to vary between 0.01 to
0.04 m s-1 (D. Brooks Texas A&M pers. comm.). Therefore our simulations span very slow near- 
bottom velocities (0.002 m s-1) such as those near slack tide to very high velocities (0.2 m s-1) at 
maximum tidal flow.
Male spawning rate Q had previously been estimated in the laboratory to peak at a rate of 10s 
sperm s-1 (Wahle et al. 2011), and used for this simulation.
Prior dilution series experiments indicated that fertilization rates fall to near zero at sperm 
concentrations between 104 and 105 mL-1. The sperm plume for an individual male, spawning 
under a realistic range of current speeds, is predicted to fall below this threshold within 1 m of
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the source (Wahle et al. 2011). We therefore are interested in the effect of surrounding males on 
the proportion of eggs fertilized.
The fertilization ratio, F, is the proportion of eggs fertilized of those available during an interval 
of time At:
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(Equation 2)
where Cstf is a constant representing the surface area of an egg available for fertilization, C is 
sperm concentration (= 1-3% of egg cross sectional area, Vogel et al. 1982). Shear velocity u* is 
a measure of the distance travelled by a sperm in a unit of time as it is always much greater than 
the distance sperm can swim over that time. Assuming oocyte diameter is 70 pm, and 1-3% of 
the cross-sectional area is accessible to fertilization (Vogel et al., 1982), Cstf was set at 10-10 m2. 
Because the value of C is derived from a steady-state equation, we assume for the purposes of 
this model that At is equivalent to the viable half-life of sperm previously estimated to be 9 min 
at 16°C and at a sperm concentration of 106 cells mL-1 (Wahle et al. 2011).
Objective 2 -  Fertilization Assays in Field Populations
We conducted time series of fertilization assays over experimental populations of scallops during 
the spawning season to (a) further develop the methodology to assess ambient sperm loads in 
scallop populations, and (b) document differences in fertilization rates in experimental 
populations spanning an order of magnitude in male spawner density. We conducted three field 
experiments with progressively less manipulation of the spawner population: (1) A dock-side 
experiment simulating a 100-fold difference in spawner density; (2) a field manipulation of 
scallops on the seabed with a 10-fold difference in density; and (3) an assessment of fertilization 
in natural occurring scallop beds along a naturally occurring gradient of abundance in a Maine 
estuary.
Divers collected scallop broodstock from Muscongus Bay, Somes Sound, and Damariscotta 
River, Maine. Scallops were held in lantern nets hung off a floating raft and in flowing seawater 
trays at the Darling Marine Center. In late June we began rotating females from the lab and raft 
into the aquaculture facility where they were held in a closed system maintained at 12°C with 
immersed chillers. To prevent potential sperm contamination all water used in the aquaculture 
facility was filtered to 5 pm, run through an ultraviolet treatment and aged for at least 24 h before 
female scallops were introduced. Scallops were fed twice daily a phytoplankton mixture (50- 
80% Tetraselmis chuii, strains PLY and Plat P, and the remainder was split between T and C 
strains of Isochrysis galbana, and Chaetoceros mulleri and C. calcitrans) from the center’s algal 
culture laboratory. Males were held apart from females in a throughflow seawater facility.
We used thermal shock to induce spawning. Females were immersed in ambient water if kept in 
12°C water or if kept at ambient temperatures, they were immersed in 20°C or 12°C water. We 
used air stones and submersible water pumps to induce water motion, as suggested by induction
methods developed by Desrosiers and Dube (1993). To collect sperm for egg viability tests, we 
either used temperature shock or dissection.
For all field and flume trials we conducted control assays to assess egg viability and sperm 
contamination. Sperm contamination was assessed for each trial by setting aside eggs along with 
the water in which they were spawned for the duration of the trial. Egg viability was assessed for 
each trial with a sperm dilution series (Wahle et al. 2011) spanning a 10,000-fold sperm 
concentration range. Eggs were considered viable if they produced the typical fertilization curve 
in the dilution series. We incubated samples for 4 h from each egg viability and flume trial. 
Samples were fixed in buffered 4% seawater formalin and scored for embryonic development. 
Our criterion for successful fertilization in these experiments was the two-cell stage of 
embryonic development or later.
For field trials running 24 h, no additional incubation was required, and our criterion for
successful fertilization started at the blastula stage and included subsequent stages of embryonic
development, if present. Although earlier cell division stages were present in these trials, we
considered the blastula the most conservative measure of fertilization success given the
occasional presence of what appeared to be spontaneous cell divisions in our controls. On the 
rare occasion we observed low percentages of blastulae even in the controls, we subtracted the 
control percentage from the experimental values observed in the field for that trial.
Fertilization chamber design and artifacts: We developed a fertilization chamber constructed 
with PVC pipe (Fig 1,15 mm inner 
diameter x 70 mm height) that 
could be easily deployed for time- 
integrated fertilization trials in the 
field. To maximize flow, the 
chamber was open on the sides, 
bottom and top; the top consisted 
of a removable PVC screw cap.
The openings were covered with 40 
pm Nitex mesh to retain scallop 
eggs (~70 pm diameter). Chambers 
were deployed either on the seabed 
on a cement block base (Fig 1a) or 
suspended in the water column on 
a weighted line (Fig 1b). When on 
the seabed the chamber was 
threaded onto a base that elevated 
it and allowed water to pass 
underneath. Chambers were 
deployed for 24 h trials in the field.
Upon retrieval, eggs were scored in 
categories of development from 
first cell division through the 
trochophore larval stage.
Figure 1. Fertilization chamber fixed to a cement block (a) for 
bottom deployments, and hanging on a weighted line (b) for 
water-column deployments. White arrows indicate flow-through 
areas with 40 pm Nitex mesh. Chamber dimensions are 15 mm 
inner diameter x 70 mm high.
6
Laboratory flume experiments were conducted to evaluate artifacts associated with egg chambers 
and to better understand gamete dispersal at different flow rates. For these trials we used sea 
urchin (Strongylocentrotus droebachiensis) gametes as a proxy for scallops because the late 
winter-early spring urchin spawning season gave us a head start on preparing for field studies 
during the summer scallop spawning season. We compared fertilization in the chambers to that 
on textured plastic tiles lying flat on the floor of the flume. The tiles represented a convenient 
simulation of a seabed that would trap sinking eggs, but would otherwise not constrain fluid 
exchange (as any enclosure must). Window screening glued to the tiles served as the texture. 
The experiment consisted of a two-factor ANOVA design in which we varied free-stream 
velocity (5 and 10 cm s-1) and container type (egg chambers and screen tiles). In a separate two- 
factor experiment we tested the effect of basket orientation to the flow (screen face at 0, 45, and 
90°), the areal concentration of eggs, and duration of trial on fertilization success. The criterion 
for successful fertilization in sea urchins was the appearance of a fertilization envelope. Controls 
were run to evaluate sperm and egg viability and sperm contamination.
Dockside proof-of-concept trials simulating a 30-fold difference in spawner density: This 
experiment was a two-factor design in which we manipulated scallop density (1, 4 or 30 male 
scallops paired with an equal number of females) and location (upper and lower segments of the 
Damariscotta River). Scallops were suspended in lantern nets off private docks available along 
these segments of the river. Three fertilization baskets were hung from the docks within 1 m of 
the scallops. Four trials were conducted. During the spawning season we monitored 
gonadosomatic index (wet weight of gonad as a proportion of whole body weight) to assess the 
progress of the spawning season (Barber et al. 1988, Langton et al. 1987, Parsons et al. 1992).
To assess relative differences in flow rate at the sites we deployed two clod cards (e.g., 
McClanahan et al. 2005). Clod cards are plaster of Paris cubes that erode with exposure to a flow 
field, thereby giving a relative index of flow. The percent change in weight was normalized to 
controls that were submerged in calm seawater in a bucket for the same period. Clod cards were 
deployed for 24 h for three different trials in August, September and October of 2013 to estimate 
relative flow between sites. These results were used as a covariate in the statistical analysis of 
density and location effects on fertilization rates.
Seabed trials simulating a 10-fold difference in spawner density: Two experimental 
populations of sexually mature scallops were established at selected locations in the 
Damariscotta River estuary near UMaine’s Darling Marine Center. Initial reconnaissance by 
divers ensured the sites had suitable coarse sand/mud bottom and flow conditions unperturbed by 
large features on the seabed for at least 50 m upstream and downstream. The two sites also had 
similar flow regimes. Scallop populations are sparse in this section of the river although scallops 
in cages at these locations thrive.
Each population was established on a 30 x 30 m (900 m2) area of the seabed at 10-15 m 
depth. This area was considered sufficiently large for the aggregation to remain intact and 
stationary over the course of the spawning season, yet small enough to be tractable. Divers 
staked off boundaries on the seabed to facilitate subsequent dive surveys. A 3 x 3 array of 
fertilization sampling stations was established on the 900 m scallop patch, and as a distance 
control we situated another row of three stations 50 m away in both streamwise directions 
perpendicular to the axis of tidal flow. Station positions were logged with GPS and marked with 
buoys at the surface.
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Experimental scallop populations were established within the boundaries of each 30 x 30 
m area. Initial dives scoured the surrounding area both to contribute scallops to the experimental 
populations and to ensure no significant numbers of scallops were within effective range to affect 
sperm supplies at our monitoring positions, as suggested by our modeling results. Simulating a 
range of densities observed on commercial scallop grounds, we stocked 900 scallops in the high 
density treatment and 90 on the low density treatment, for an average initial population density 
of 1.0 and 0.1 scallop m-2, respectively, and given an equal male:female ratio, male densities of
0.5 and 0.05 individuals m-2. Females were included in the populations to mimic natural
conditions and in the event that the presence of females facilitates male spawning.
Periodic dive surveys over the course of the season assessed change in densities and 
degree of aggregation, and monitored gonadal indices from a subsample that were replaced from 
a reserve stock held about 2 km away.
To evaluate the flow regime at the two sites, we deployed a SeaHorse® flow meter on the 
study sites for up to 3 wk to capture the range of tidal flow at the sites over a full spring-neap 
tidal cycle. This segment of the Damariscotta River displays the typical estuarine pattern, with 
the fastest flow velocities capable of resuspending sediments seen on the flooding tide (e.g., Sato 
and Jumars 2007). At both locations maximum flow rates measured within 0.1 - 0.3 m of the
seabed over full spring-neap lunar cycles ranged from 0.2- 0.5 m s-1.
Assessing fertilization along a natural spawner density gradient: In the final experiment we 
wanted to see if we could detect differences in fertilization rate along a naturally occurring 
gradient in scallop density. The Damariscotta River is known to have a healthy population of 
scallops toward its lower reaches with densities declining toward the upper segments of the 
estuary. To confirm local population densities we conducted diver transects at six locations along 
an 11 km segment of the river. Two divers each counted scallops on 50 m transects 2 m wide for 
a total coverage of 200 m2. On four occasions during the spawning season we deployed 
fertilization chambers on the seabed for 24 h trials at these locations.
Project Management
Lead investigator, R. Wahle oversaw the entire project. P. Jumars and D. Brady (not a project PI) 
advised on modeling and flume aspects of the project. Collaborating harvester, Robert Maxwell 
raised funds for this project through revenues from scallop harvesting. Laboratory and field 
experiments were conducted by R. Wahle, his graduate student, Skylar Bayer, and technicians 
Charlene Bergeron and Phoebe Jekielek with the assistance of undergraduate interns, all at 
UMaine’s Darling Marine Center.
FINDINGS
Our model simulations indicate considerable effects of population density and flow rate on the 
down- and cross-stream sperm concentrations (Fig. 2a). Sperm concentrations at steady state on 
the high-density populations were approximately two orders of magnitude higher than on the low 
population densities, Increasing flow from 0.002 to 0.2 m s-1 diluted sperm by about two orders 
of magnitude
Spawner density had a significant impact: model-predicted fertilization rates averaged 80% over 
the high density patch, about four times as high as the rate in the low-density patch (Fig. 2b). 
Fertilization potential was always at or near 100% within a few centimeters of individual males. 
But the effect of flow rate on fertilization is less intuitive. Although sperm become more dilute 
with greater flow, average F  increased very slightly. This effect is accounted for by the positive 
effect of shear on sperm-egg encounters in the equation for F. But the positive effect of shear is 
likely to be true only over a range of very low flow rates above which higher flow rates would 
produce shear too high to promote fertilization. As stated by Babcock et al. (1994), “Although 
the calculated sperm concentrations vary with flow velocity, this variation is canceled by the u* 
term in the calculation o f fertilization success. This shortcoming could be remedied through 
models that better relate shear velocity to flow velocity and by empirically relating fertilization 
success to sperm concentration." Excessive shear has been shown to inhibit fertilization in other 
broadcasting species (e.g., Strongylocentrotus purpuratus, Mead and Denny 1995; Haliotis 
rufescens, Zimmer and Riffell 2011. Riffell and Zimmer (2007) found in H. rufescens that 
fertilization decreased at shears greater than 1.0 s-1 (u* =0.001 m s-1). The role of shear remains 
to be better developed in fertilization models.
In short, our modeling results suggest that under conditions of synchronous mass spawning we 
would expect nearly uniform, high fertilization rates in the high-density plots, but lower and 
more patchy variable fertilization rates in the low-density plots. A comprehensive scenario 
assessment is beyond the scope of this report, but now that the baseline code for this model has 
been developed, experimenting with variable flow, spatial distributions, spawning synchrony, 
and shear will be explored more extensively in the coming months. Further model development 
is also underway to move beyond steady-state output, and incorporate time-varying elements 
such as spawning rate and gamete longevity.
Objective 1: Spawning Advection-Diffusion Model
9
0.2 ms-1 0.02 m s -1 0.002 m s -1
10
Figure 2. Modeled sperm plumes (a) and fertilization rates (b) under high (0.5 males m-2) and low (0.05 males m-2) 
densities and three flow velocities (0.2 m s-1, 0.02 m s-1, 0.002 m s-1) in a 30 x 30 m plot (white box) with flow 
direction indicated by arrows.
B.
Objective 2 -  Fertilization Assays in Field Populations
Fertilization chamber artifacts: Using sea 
urchin gametes as a proxy for scallops, we 
observed significantly lower fertilization rates 
in Nitex chambers compared to those on open 
screen tiles regardless of trial duration (Fig. 3a, 
Container effect: F = 154.3, p < 0.0001; 
Duration effect: F = 25.7, p < 0.0001; 
Interaction: F = 0.03, p = 0.87) or flow rate 
(Fig. 3b,). Longer flume trials resulted in 
significantly higher fertilization rates by about 
the same absolute difference (in percent 
fertilized) in both containers. In 20 min trials 
fertilization rates were five times as high on the 
tiles as in the chamber, but in the 120 min trials 
they were only about twice as high. We expect 
that longer trials would have further closed that
gap-
A. Trial Duration C. Orientation
Doubling free-stream flow velocity from 5 to 10 
cm s-1 made no difference in the container 
effect, however (Fig. 3b, Container effect: F = 3 
5.8, p < 0.0001; Flow effect: F = 3.5, p = 0.08;
Interaction: F= 0.04, p = 0.83). Orienting the 
Nitex mesh normal to flow had a marginally 
positive effect on fertilization (Fig. 3c, F = 3.1, 
p = 0.06), as did a reduced quantity of eggs in 
the container (Fig. 3d, t = 2.15, p = 0.064).
Given these artifacts it is important to approach and interpret field experiments using 
experimental chambers with caution. First, experimental chambers are likely to most useful in 
field experiments to evaluate relative differences between treatments, but absolute rates of 
fertilization likely will be underestimated. Second, it is important to standardize the quantity of 
eggs and the duration of the trials. Longer field trials would mitigate chamber effects. Therefore, 
subsequent field trials were conducted for 24 h with 1.5 mL of eggs.
Dockside density manipulations: In our dockside experiment (Fig. 4), higher male density had a 
strongly significant positive effect on fertilization rates (F = 9.1, p < 0.0001), although the 
strength of the density effect depended on location (Location effect: F = 1.75, p =0.190; Density 
x Location interaction: F = 3.98, p = 0.02). Clod-card weight loss (a relative index of flow 
differences among locations) was included as a covariate in the analysis of variance, but it did 
not alter the result of the statistical analysis.
Notwithstanding the artificiality of suspending scallops in the water column, these results 
indicate that less than a 10-fold difference in scallop density (30 vs 4 males in this case) can
Figure 3. Experiments on fertilization chamber 
artifacts. Comparison of average fertilization rates 
(+1 SE) in Nitex chambers and on horizontal screen 
tiles at (a) two trial durations (n = 6 trials), and (b) 
two flow rates (n = 7 trials), as well as the effects of 
(c) chamber orientation to flow (n = 7 trials), and (d) 
quantity of eggs inside the chamber (n = 8 trials). 
Inset figures in (c) denote cross section of 
fertilization chamber with Nitex screen windows 
(dashed line) and supporting frame (black squares).
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B. Flow Rate D. Egg quantity
Figure 4. Dockside scallop fertilization experiments 
showing mean (+1 SE) fertilization at three scallop 
densities. Scallops housed in lantern nets spanning 
a 30-fold difference in density: high (30 males per 
raft), medium (4 males per raft) and low (1 male per 
raft) at two locations in the Damariscotta River.
Male Density per net
significantly affect fertilization rates. Since relative flow rate was not an explanatory variable in 
this case, we cannot explain the location effect.
Seabed fertilization experiment. Scallops within the 30 x 30 m experimental plots maintained 
the 10-fold difference in density, although numbers declined by about one-third over the course 
of the season from the initial scallop density (both sexes) of 1 and 0.01 scallops m-2, respectively, 
on July 17 to a final density of 0.66 and 0.06 m-2 on September 11 (Fig 5a). These populations 
remained in an aggregated state over the course of the experiment.
The spatial pattern of fertilization indicates that fertilization rates were not consistently higher in 
the high-density population; nor were they significantly higher at stations situated within the 
aggregation compared to those 50 m distant (Fig. 5b). Accordingly, our statistical analysis 
indicates no statistically significant effects of Density (F = 0.09, p = 0.77), Distance (F = 0.25, p 
= 0.62) or Interaction (F = 0.14, p = 0.71).
Averaging the results from stations inside and outside the experimental populations for each 
date, fertilization rates averaged no higher than about 40% throughout the season in both 
populations, although on occasion we observed individual chambers with nearly 100% 
fertilization (Fig.5b).
The highest fertilization rates were observed on July 23, 2012, in both high- and low-density 
populations (Fig. 5b). On this date, contrary to expectations, fertilization rates at the low-density 
site averaged about twice as high as at the high-density site with marginal statistical significance 
(F = 4.3, p = 0.047). However, as in the analysis including all trial dates, there was no significant 
Distance effect (F= 0.060, p = 0.809) or Density x Distance interaction (F = 0.166, p = 0.687). 
This event occurred when bottom temperature had reached the warmest it had been to date, 
exceeding 16°C, and preceded the onset of a precipitous decline in gonad weight (Fig. 6).
All told, the timing of peak levels of fertilization observed in the time series is consistent the 
onset of warm bottom temperatures and the subsequent decline in gonad mass of scallops in the
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river. However, the patchy spatial pattern of fertilization, the patchy occurrence of high 
fertilizations, and the extended period of gonad mass loss suggest that scallops did not spawn in 
a mass, synchronous spawning event as portrayed in the model (Fig. 2). Furthermore, because of 
the absence of a distance effect, we cannot discount the possibility that these trials were 
confounded by ambient sperm from the surrounding population, despite divers having cleared 
the area in advance.
A. Populations
B. Fertilization
Figure 5. Seabed fertilization experiment. Spatial pattern of (a) population density and aggregation and (b) 
fertilization in experimental scallop populations on deployment dates over the duration of the July-August 2012 
spawning period. Area depicted in (a) corresponds to area framed in red in (b); missing values denoted as +.
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Figure 6. Time series of average (± 1 
SD) fertilization rates (a), gonad 
indices (b), and temperatures (c) on 
the experimental scallop populations 
between July and September 2012.
Peak average fertilization success in both high- and low-density plots occurred during the same 
time that male and female gonad indices began to decline (Fig 6 a, b) indicating that we deployed 
egg chambers during the spawning season. High standard deviations for both the July and 
August sampling indicate a high degree of variability in the individual spawning status. By 
contrast, variability in the September gonad index is low, indicating that scallops were spawned 
out by that time. Temperature trends over time were virtually identical between sites, although 
temperatures at the low-density site were a fraction of a degree lower throughout the season (Fig. 
6c). Temperatures dipped slightly after our observed peak in fertilization success for the season, 
but continued to rise another degree until the beginning of September.
Fertilization assays along a naturally occurring scallop population gradient: Diver transect 
surveys at six sites along the Damariscotta River in 2013 revealed a gradient in population 
density (both sexes) generally increasing toward the mouth of the river from a low scallop 
density of japproximately 0.02 m-2 in the upper river to a high of 0.25 m-2 in the lower river (Fig 
7a), a range of densities somewhat smaller than those in our field experiments (Fig. 5 and 6).
From the four deployments of egg chambers at these sites between July 26 and August 3, we 
observed the highest fertilization rates at one site in the midsection of the river (Fig. 7b). 
Therefore, as with the field manipulation of scallops over the 10-fold difference in density, there 
was no strong association between population density and fertilization rate over the naturally 
occurring density gradient.
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The seasonal peak of scallop gonadosomatic indices occurred in mid July at both upper and 
lower river locations and then dropped considerably over a two-week period signaling the 
spawning event (Fig. 8). This indicates that our four fertilization trials were deployed within the 
peak spawning season of the Damariscotta River scallop populations. The decline in the gonad 
index coincided with the first recorded temperature spike during the summer at both sites, 
although lower river temperatures tended to be about 2°C lower than in the upper river.
A. Density b . Fertilization
Figure 7. Fertilization along a naturally occurring 
scallop density gradient, (a) Population densities 
(+1 SE), and (b) Average (+1 SE) fertilization rates 
observed at six locations (nearest to fertilization 
assay stations) along the Damariscotta River, 
Maine, July 26 -  August 3, 2013. Site C l is 11 km 
upriver from C6 which is at the mouth of the river.
Figure 8. Average gonadosomatic index 
(± 1SD) and temperature time series 
from the upper and lower Damariscotta 
River in 2013. Minimum scallop sample 
size = 9 for each sex.
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Date
Conclusions
1. We successfully developed MATLAB code for a numerical steady-state model based 
on that of Claereboult (1999) simulating the spawning and fertilization dynamics of an 
aggregation of scallops. The model and code will be made available for use by fishery managers 
and the public. Additional model development is planned to include various spawning scenarios 
and time-varying components.
2. We developed and flume tested a Nitex mesh chamber for application to fertilization 
experiments in the field. The chamber can be fastened to a block resting on the seabed or 
suspended in the water column. Flume tests with sea urchin eggs indicated that fertilization rates 
were significantly lower inside chambers than in controls on open tiles. These differences 
diminished with exposure duration. It is emphasized that the fertilization measurements from 
these chambers are most useful for comparative work in which relative measures are of interest, 
and do not accurately reflect absolute fertilization rates.
3. Using our fertilization chambers in dockside manipulations of scallop density in 
suspended lantern nets, we detected more than a 10-fold drop in fertilization rate between nets 
containing 30 versus 4 males, but no difference between the 4- and 1-male treatments. This 
suggested we might detect density effects on fertilization in natural populations spanning a 10- 
fold difference in density.
4. We conducted a manipulation of scallop density on the seabed spanning a 10-fold 
difference in male scallop density initiated at 0.5 and 0.05 m-2, comparable to observed natural 
populations and values use in the simulation model. Contrary to model predictions, we detected 
no significant density or distance effects. The patchy spatial pattern of fertilization and the 
extended period of gonad mass loss suggest that scallops did not spawn in a mass, synchronous 
event. We measured peak fertilization rates in both populations on the same date, and within a 
few days of when gonads began to spawn out, suggesting that spawning may have been triggered 
on that date by a common environmental cue. Because there was no statistically significant 
difference in fertilization rates at scallop plots and at distant controls 50 m away, we cannot rule 
out the possibility that trials were confounded by ambient sperm from the remaining, 
surrounding population.
5. Fertilization trials along a naturally occurring spatial gradient in adult scallop density 
ranging from 0.25 to 0.02 m-2, also suggested no strong association between population density 
and fertilization rates.
6. Taken together, our experiments are the first field assays of fertilization with scallops. 
They suggest that differences in fertilization rates may only be detectable across population 
density gradients in the event of mass, synchronous, spawning or more dramatic differences in 
population density that we could only produce in dock-side manipulations.
Problems Encountered
1. Timing of the RSA award was such that harvesting to raise funds for the first year of 
the project took place during what could have been our first field season (2011). Because 
scallops only spawn in the summer, we needed to postpone the work until the summer of 2012.
2. Because of time constraints we decided to conduct flume trials with sea urchins instead 
of scallop gametes, enabling us to complete this set of experiments during the off season for 
scallops.
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3. We originally proposed to collect flow measurements with an Acoustic Doppler 
Current Profiler, but during our second deployment, the unit was entangled and flooded most 
likely due to fishing activity in the river. We then opted to get current measurements with less 
expensive SeaHorse current meters.
4. Modeling efforts for Objective 1 were not as far along by project end as originally 
proposed. Nonetheless, we have developed the MATLAB code for the model and can now apply 
it in various scenario tests. We intend to expand modeling to include time-varying components 
as part of a PhD dissertation work now underway.
Additional Work
The dockside fertilization experiments and fertilization trials along the naturally occurring 
gradient in scallop abundance, described above, go beyond what was proposed in our original 
proposal and are part of UMaine Ph.D. student, Skylar Bayer’s dissertation research.
In 2012, UMaine Marine Science major, Holly Martin, completed a senior thesis evaluating the 
temperature and salinity dependence of scallop embryonic development.
In 2012 and 2013 we deployed spat bags along the Damariscotta River to gather preliminary data 
on larval settlement along the Damariscotta River, ME. In collaboration with Dr. Dave Brooks 
(Texas A&M) we used these empirical data to compare with estuarine circulation model runs to 
evaluate scallop larval source-sink dynamics in coastal embayments and estuaries. These 
preliminary results were used in a 2013 RSA proposal.
APPLICATIONS
Outputs
1. MATLAB code for a multi-individual scallop spawning and fertilization model.
2. A fertilization chamber for use in time-integrated fertilization trials in the field, along with a 
full evaluation of artifacts from flume tests.
3. The first quantitative field assessment of scallop fertilization, progressing from dock-side, 
proof-of-concept experiments, to density manipulations on the seabed, to gradients of abundance 
in natural populations.
Management Outcomes
The findings may have important implications for the management of scallop populations in the 
future. To date, however, no management outcomes have been proposed or implemented from 
this work.
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EVALUATION
Attainment /Modification of Goals and Objectives
All primary objectives were achieved in this project. Under Objective 1, MATLAB code has 
been written and some scenario assessment has been accomplished, although a comprehensive 
assessment and validation against empirical data has yet to be done. The code is available for use 
by others.
Under objective 2, as planned we developed and assessed the feasibility of conducting 
fertilization trials with scallops in the field. We have also evaluated density effects on 
fertilization in the field through a progression of experiments from dock-side, proof-of-concept 
trials, to population manipulations on the seabed, to an assessment of fertilization along a 
naturally occurring density gradient in a coastal estuary in Maine.
Dissemination of Results
To date results of this study have be shared with NOAA and New England Fishery Management 
Council scallop fishery managers at Plan Development Team meetings. The lead investigator is 
a scientist on the Maine’s Scallop Advisory Committee where he aims to assist in developing 
Maine’s scallop fishery management plan. A manuscript is in preparation for publication in a 
scientific journal.
Presentations at scientific meetings:
Bayer, S.R., R.A. Wahle, J. Gaudette, K.D.E. Stokesbury, M. Sieracki, P.A. Jumars and R.
Maxwell. April 2014. NOAA/RSA Projects: Developing Tools to Evaluate Spawning and 
Fertilization Dynamics of the Giant Sea Scallop. New England Fisheries Management 
Council Scallop Plan Development Team Meeting. New Bedford, MA
Bayer, S.R., Wahle, R.A., Brady, D.C., Brooks, D.A., Jumars, P.A. 2014. Scale of fertilization 
success in an exploited broadcast spawner: from an individual to an estuary. Poster 
presentation. ASLO Ocean Sciences Meeting. February 23-28. Honolulu, HI
Bayer, S.R., R.A. Wahle, D. C. Brady, C. E. Bergeron, and P.A. Jumars. 2013. Exploring 
fertilization success of Placopecten magellanicus aggregations in an empirically-informed 
model. International Pectinid Workshop. Poster presentation. 10-16 April, 2013.
Florianopolis, Brazil
Bayer, Skylar. 2013.“Exploring fertilization success of Placopecten magellanicus aggregations 
in an empirically-informed model.” Benthic Ecology Meeting, Savannah, GA. March 
22nd, 2013
Bayer, S.R., R.A. Wahle, C. Bergeron. 2012. Exploring reproductive success of ocean scallop 
aggregations through coupled laboratory and field experiments. Benthic Ecology Meeting, 
Norfolk, VA 22-25 Mar 2012.
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FINANCIALS
Harvests of scallops generated the revenue to support this research. The research budget share 
was $192,455, and compensatory harvesting share for the industry partner was $691,304, for a 
total of $883,759 reflecting a TAC of 93,139 lbs from Elephant Trunk Access Area (ETAA). 
Table 1 reports the harvests and revenues generated for this project.
Table 1. Scallop landings and revenues reported by vessel, trip, scallop 
size grade, and purchacer to generate funds for this project. Scallop 
sizes U/10 and 10/20 denote under 10 meats and 10-20 meats per 
pound, respectively.
Pounds S ize P u rc h a se r Price Total Boat
4177 U10 V V 9.10 $ 38,010.70 Theresa Ann
575 10/20 V V 9.10 $ 5,232.50 Theresa Ann
5408 10/12 vv 9.10 $ 49,212.80 Theresa Ann
10160 $ 92,456.00
4796 U/10 VV 9.00 $ 43,164.00 Top Dog
1428 10/20 V V 9.00 $ 12,852.00 Top Dog
6224 $ 56,016.00
1639 10/20 V V 10.10 $ 16,553.90 Theresa Ann
13496 10/12 V V 10.10 $ 136,309.60 Theresa Ann
15135 $ 152,863.50
6104 U/10 VV 10.55 $ 64,397.20 Top Dog
6104 $ 64,397.20
6808 U10 VV 10.55 $ 71,824.40 Theresa Ann
364 10/20 VV 10.70 $ 3,894.80
3761 10/12 V V 10.55 $ 39,678.55
10933 $ 115,397.75
8062 10/12 VV 10.70 $ 86,263.40 Top Dog
20 10/12 V V 10.70 $ 214.00
852 U/10 V V 11.00 $ 9,372.00
8934 $ 95,849.40
9368 U10 V V 10.80 $ 101,174.40 Theresa Ann
423 10/20 V V 10.80 $ 4,568.40
2319 10/12 vv 10.70 $ 24,813.30
624 U10 Emerald 11.50 $ 7,176.00
313 U10 Emerald 11.20 $ 3,505.60
303 10/20 Emerald 11.00 $ 3,333.00
13350 $ 144,570.70
5014 10/12 VV 10.40 $ 52,145.60 Top Dog
1149 U/12 Emerald 11.20 $ 12,868.80
105 10/20 Emerald 10.00 $ 1,050.00
6268 $ 66,064.40
3158 U10 V V 10.20 $ 32,211.60 Theresa Ann
3939 10/20 V V 10.00 $ 39,390.00
2504 10/12 VV 10.00 $ 25,040.00
207 U10 Emerald 11.20 $ 2,318.40
594 U12 Emerald 10.20 $ 6,058.80
397 10/20 Emerald 9.00 $ 3,573.00
10799 $ 108,591.80
3996 10/12 VV 10.00 $ 39,960.00 Top Dog
1236 U12 Emerald 9.70 $ 11,989.20
5232 $ 51,949.20
Total Pounds To tal $ A vg . P rice /It
9 3 1 3 9 $ 8 8 3 ,7 5 8 .7 5 $ 9 .4 9
19
LITERATURE CITED
Babcock, R.C., Mundy ,C.N., and Whitehead, D. 1994..Sperm diffusion models and in situ 
confirmation of long distance fertilization in the free-spawning asteroid Acanthaster 
planci. Biological Bulletin 186: 17-28.
Barber, B.J., Getchell, R., Shumway, S., and Schick, D. 1988. Reduced fecundity in a deep-water 
population of the giant scallop Placopecten magellanicus in the Gulf of Maine, USA. 
Marine Ecology Progress Series 4(3): 207-212
Carey, J.D., Wahle, R.A. and Stokesbury, K.D.E. 2013. Spatial scaling of juvenile-adult 
associations in northwest Atlantic sea scallop Placopecten magellanicus populations. 
Marine Ecology Progress Series 493: 185-194.
Claereboudt, M. 1999. Fertilization success in spatially distributed populations of benthic free- 
spawners: a simulation model. Ecological Modelling 121:221-233.
Denny, M. W. 1988. Biology and the mechanics of the wave-swept environment. Princeton 
University Press, Princeton, N.J.
Desrosiers, R. R. and F. Dube. 1993. Flowing seawater as an inducer of spawning in the sea 
scallop, Placopecten magellanicus (Gmelin, 1791). Journal of Shellfish Research 12:263- 
265.
Langton, R. W., W. E. Robinson, and D. Schick. 1987. Fecundity and reproductive effort of sea 
scallops Placopecten magellanicus from the Gulf of Maine. Marine Ecology Progress 
Series 37:19-25.
Levitan, D. R., M. A. Sewell, and F.-S. Chia. 1992. How distribution and abundance influence 
fertilization success in the sea urchin Strongylocentrotus franciscanus. Ecology 73:248- 
254.
Levitan, D. R., and C. M. Young. 1995. Reproductive success in large populations: Empirical 
measures and theoretical predictions of fertilization in the sea biscuit Clypeaster 
rosaceus. Journal of Experimental Marine Biology and Ecology 190:221-241.
McClanahan, T. R., Maina, J., Moothien-Pillay, R., and Baker, A. C. 2005. Effects of geography, 
taxa, water flow, and temperature variation on coral bleaching intensity in Mauritius. 
Marine ecology. Progress Series 298: 131-142.
Mead K.S., and Denny, M.W. 1995. The effects of hydrodynamic shear stress on fertilization 
and early development of the purple sea urchin Strongylocentrotus purpuratus. 
Biological Bulletin 188: 46-56.
Metaxas, A., R. E. Scheibling, and C. M. Young. 2002. Estimating fertilization success in marine 
benthic invertebrates: a case study with the tropical sea star Oreaster reticulates. Marine 
Ecology Progress Series 226:87-101.
Parsons G.J., Robinson S.M., Chandler R.A., Davidson L.A., Lanteigne M., Dadswell M.J.
1992. Intra-annual and long-term patterns in the reproductive cycle of giant scallops 
Placopecten magellanicus (Bivalvia: Pectinidae) from Passamaquoddy Bay, New 
Brunswick, Canada. Marine Ecology Progress Series 80: 203-214.
Riffell, J. A., and Zimmer, R. K. 2007. Sex and flow: the consequences of fluid shear for sperm- 
egg interactions. Journal of Experimental Biology, 210: 3644-3660.
Vogel, H.G., G. Czihag, P. Chang, P., W. Wolf. 1982. Fertilization kinetics of sea urchin eggs. 
Math. Biosci. 58: 189-216.
20
Wahle, RA, J Gaudette, M Sieracki, KDE Stokesbury and R Maxwell (2011) Developing Tools 
to Evaluate Spawning and Fertilization Dynamics of the Giant Sea Scallop, Placopecten 
magellanicus. NOAA RSA Project Report NA11NMF4540025.
Zimmer, R. K., and JA. Riffell. 2011. Sperm chemotaxis, fluid shear, and the evolution of 
sexual reproduction. Proceedings of the National Academy of Sciences, 108:13200- 
13205.
21
